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Pressure Dependence of Peroxynitrite Reactions. Support for a Radical Mechanism
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Activation volumes AV¥) have been determined for several reactions of peroxynitrite using the stopped-flow
technique. Spontaneous decomposition of ONOOH ta N®0.15 M phosphate, pH 4.5, gave/* = 6.0+ 0.7

and 14+ 1.0 cn® mol~t in the presence of 58M and 5 mM nitrite ion, respectively. One-electron oxidations
of Mo(CN)g#~ and Fe(CNy*~, which are first order in peroxynitrite and zero order in metal complex, gawe
=104 1 and 114 1 cn® mol™1, respectively, at pH 7.2. The limiting yields of oxidized metal complex were
found to decrease from 61 to 30% of the initially added peroxynitrite for MogENand from 78 to 47% for
Fe(CN)}®~ when the pressure was increased from 0.1 to 140 MPa. The bimolecular reaction betweandCO
ONOO™ was determined by monitoring the oxidation of Fe(gN)by peroxynitrite in bicarbonate-containing
0.15 M phosphate, pH 7.2, for whickv* = —22 + 4 cr® mol~%. The Fe(CNy*~ yield decreased by20% upon
increasing the pressure from atmospheric to 80 MPa. Oxidation of Ni(cy&ldmy)peroxynitrite, which is first
order in each reactant, was characterized\Wf = —7.14 2 cn® mol~2, and the thermal activation parameters
AH* = 4,24 0.1 kcal mot! andAS = —24 4+ 1 cal molt K~1in 0.15 M phosphate, pH 7.2. These results are
discussed within the context of the radical cage hypothesis for peroxynitrite reactivity.

Introduction “indirect” pathway, which is first order in peroxynitrite and zero

R . h . be both ) h order in the oxidizable species, indicating that rate-limiting
ecognition that peroxynitrite may be both a major patho- yimglecylar activation precedes the oxidatisaduction
genic agent in human diseases associated with oxidativelstress,

q | microbicidal aa@nt h i q ) stepl315-20 |n contrast, two-electron oxidations appear to occur
and a natural microbicidal agent has triggered a renaissance by a “direct” pathway that is first order in both peroxynitrite
of interest in its chemical properti€sThis powerful oxidant,

e . o< and reductant?162+24 Maximal yields of oxidized products
V.Vh'Ch is thought to b.e formed by coupling of Nénd Q In obtained by the indirect pathway are always significantly less
tissues or cells that simultaneously generate these radicals, reac

b lativel I hani h fund I than calculated for stoichiometric conversion by the oxidant.

. yba relatively lcogﬁpbexérgec anism whose fundamental nature 1 hronerty indicates the existence of at least two intermediates

IS being aC“VGY ae at. ) ) ) . along the reaction pathway, only one of which undergoes
The peroxynitrite anion (ONOQ is relatively unreactive,  pimglecular reactions, i.e., Scheme 1, where S is a one-electron

but upon protonatiohor addition of Lewis acids ! (including reductant.

CO; and certain metal ion complexes) it oxidizes susceptible  There are two prevailing opinions concerning the nature of

molecules by one- and/or two-electron proce¥ses, in the the reaction intermediaté4225 One is that “X” and “Y” are

absence of reacting partners, it rapidly decomposes to form conformational isomers whose reactivities differ from each other,

NO;~ as the stable product in acidic medi:1“Kinetic studies and the other is that “X” and “Y” are caged radical pairs and

have shown that most one-electron oxidations occur by an free radicals formed from homolytic cleavage of the @bond,

i.e., Scheme 2. One focal point in the debate has been the
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€Oz + ONOO™ == ONOOCO2 - {NOz COJ™} === NO7 +COJ Figure 1. Pressure dependence of the first-order rate constant for
lkN lkss decomposition of 0.35 mM ONOOH at 19°€ in 0.15 M phosphate
i buffer, pH 4.5, containing 5gM (filled squares) and 5.0 mM NO
CO2 +NO3 products (open squares). Error bars are equal to twice the standard deviation of

1 . . four measurements at each pressure; individual rate constants are listed
mol™* using a stopped-flow pH-jump technique at pH values j; Tapje S1. The lines are linear least-squares fit to the data points.
ranging from 5.6 to 6.2 and temperatures of-P3 °C. It was
argued that this value is too small to accommodate a mechanism  Kinetic Measurements. Rate measurements at ambient pressure
that involves G-O bond homolysis to form a radical pair, but were made using a Hi-Tech SF-40 stopped-flow spectrophotometer;
is consistent with an internal rearrangement mechaffsm. high-pressure measurements were made using a Hi-Tech HPS-2000
However, pressure-dependent pulse radiolysis experiments,syringe drive unit contained within a high-pressure vessel, as previously
made in 0.15 M formate or low phosphate (4 mM) buffers, have described? Both instruments were interfaced to a Hi-Tech SF-40C
given a self-consistent value for ONOOH decomposition spectrophotometer control unit. One drive syringe contained 0.3 M
~ +10 cn® mol-* over the pH range 4-67.22427 As discussed phosphate buffer plus desired reductants and/or bicarbonate ion; the

. - ; . - other contained the peroxynitrite stock solution that had been ap-
by these researchetSthis value is consistent with a radical propriately diluted with 10 mM NaOH. In cases where formation of

mechanism. They also demonstrated thaft was phosphate- the ONOOCQG™ adduct was to be avoided, the buffer was sparged with

dependent in the pH range 5:6.2 and dropped to-12 cn? N, immediately before reaction to remove any accumulated. C8e
mol~! when the phosphate concentration was raised to 0.0 M; final pH was determined both by simulating the mixing conditions

although the phosphate dependence accounted for the appareriutside the stopped-flow apparatus and by measuring the pH of the
discrepancy in the two studies, the molecular basis for this effect product solution obtained from the waste syringe. These measurements
is obscure. gave values that were within 0.1 pH unit agreement, and measurements
In this paper, we report results from our extensive studies of indicated that the buffered reactant solution increased by onky 0.1
the pressure dependence of ONOOH reactions measured b)p.z pH unit upon mixing with a_IkaIine peroxynitrite. For Fhe high.—
stopped-flow spectrophotometry. These data support the radicalPréSSure experiments, the reaction temperature was monitored with a
mechanism, provide evidence for discrete ONOGQC@dduct platinum thermistor which was located inside the vessel. Pressures were

. ) performed in random order for cases where data for multiple pressures
formation in the reaction between ONO@nd CQ, and, more were obtained with a single filling of the syringes. The interval between

generally, are diagnostic of “direct” vs “indirect” reactions of = the preparation of the reactant solutions and the collection of the last

peroxynitrite. data point was always less than 40 min, during which time decomposi-
. . tion of peroxynitrite was<5%. Kinetic data, collected for a minimum
Experimental Section of 3—4 half-lives, followed a single-exponential decay profile. Peroxy-

Materials. All chemicals were reagent grade and were used as nitrite depomposition in the ab;ence pf oxidizable metal complexes
received from commercial sources unless otherwise noted; water wasWas monitored at 280 nm; reactions with Mo(GN) Fe(CN)*", and
purified using a Milli-Q system. Stock solutions of peroxynitrite were  Ni(cyclamy* were monitored at 388 nnaggs = 1200 M™*cm™) 34420
prepared from acidified hydrogen peroxide and sodium nitrite using a NM (€20 = 1000 M~*cm™),*> and 360 nm zeo = 5100 M-icm™),%
tandem mixing apparatdéand then stored at80 °C. Sodium nitrite respectively, corresponding to the absorption maxima of the oxidized
was present in a 10% excess to minimize contamination by unreactedProducts. Product yields, calculated from the measured total absorbance
H,0». The stock solution contained140 mM peroxynitrite, determined ~ changes at these wavelengths, are expressed as the amount of oxidized
spectrophotometricallyefo, = 1670 M-lcm 1,29 and 21 mM residual ~ COmplex per total amount added peroxynitrite.
nitrite, determined using the Greiss as8&yhe metal-complex salts,
K4Mo(CN)s and Ni(cyclam)(CIQ),, were prepared using procedures
described in the literaturé.* Decomposition of ONOOH.At pH 4.5, where virtually all
of the peroxynitrite is protonated Kg = 6.8), the first-order

(26) éLS;?]eroeg?}\'&‘ng{ég; Pouglnz%rir,ri’.z;gléye, P. G.; Koppenol, W. H.  rate constant for ONOOH decomposition decreased with

Results

(27) Goldstein, S.; Meyerstein, D.; van Eldik, R.; Czapski,JGPhys. increasing pressure; typical results are plotted in Figure 1.

Chem. A1999 103 7114-7118. Activation volumes calculated from the magnitude of the change
(28) 3226"159'5623"’5;?‘5?; Cabelli, D.; Czapski,Reee Radical Biol. are AV¥ = 6.0 + 0.7 cn® mol~? for solutions containing no
(29) Hughes, M. N.; Nicklin, H. GJ. Chem. Soc. A968 450-452. added N@" (residual [NQ] = 53uM), andAV* = 14 + 1

(30) Greenbert, A. E.; Connors, J. J.; Jenkins,Sfandard Methods for
the Examination of Water and WastewatEsth ed.; American Public (33) Murguia, M. A.; Wherland, Sinorg. Chem.1991, 30, 139-144.

Health Association, United Book Press: Baltimore, 1995;4883, (34) Perumareddi, J. R.; Liehr, A. D.; Adamson, A. WAm. Chem. Soc.
4-84, 4-99. 1963 85, 249-259.

(31) Furman, N. H.; Miller, C. Olnorg. Synth.195Q 3, 160-63. (35) Jorgensen, C. KActa Chim. Scandl956 10, 518-534.

(32) Bosnich, B.; Tobe, M. L.; Webb, G. Anorg. Chem1965 4, 1109~ (36) Zeigerson, E.; Ginzburg, G.; Meyerstein, D.; Kirschenbaum, lJ. S.

1112. Chem. Soc., Dalton Trans. 1198Q 1243-1247.
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reaction in 0.15 M phosphate, pH 7.2, between 0.5 mM ONOOH and Figure 3. Pressure dependence of the pseudo-first-order rate constant
5.0 mM Mo(CN)*~ (filled squares) at 22C or 5.0 mM Fe(CNy*~ at for the reaction of 7:M ONOOH with 1.0 mM Ni(cyclan3* at 20

25°C (open squares) and percent yields of Mo(€Nffilled circles) °C (open circles) and the first-order rate constant for reaction of
and Fe(C_N¥‘ (open circles). Indl\_/ldual data points are listed in Table oNOOCGQ- (0.3 mM peroxynitrite, 6 mM total carbonate) with 5.0
S2. The lines are the results of linear least-squares analyses. mM Fe(CN)* at 25°C (filled circles). Both reactions were done in

0.15 M phosphate, pH 7.2. Error bars equal to twice the standard
cn® mol~! for solutions containing 5 mM N@. The rate deviation are given for pressures where more than three determinations

constant, measured at atmospheric pressure, was identical tavere made. Individual data points are listed in Tables S3 (ONOOCO

previously determined valuek £ 0.8 s at 19.5°C) and was and S4 (Ni(cyclan®)). The lines are the results of linear least squares

invariant within+10% to NQ~ concentrations measured over analyses.

the range 53uM—10 mM. Previously determined thermal

activation parameters for peroxynitrite decomposition at pH 4

are AH* = 21 kcal mot? andAS = —13 cal mot? K137
Oxidation of Cyanide Complexes of Mo and Fe.One-

the thermal activation parameters AH* = 4.2 + 0.1 kcal
mol~ and AS" = —24 + 1 cal mof? K~! (Figure S3). The
rate constant also increased with pressure (Figure 3), for which

electron oxidations of Mo(CNj~ and Fe(CNy*~ are first order AVF=—T7.1+ .2 cn¥ mol™* (Figure 3). The y,elgl of OX|d|.zed

in ONOOH and zero order in metal complexes; the observed product_ was |ndependent_ of pressure, within expenmental
rate constants are identical to those for ONOOH self- uncertainty, and agreed with the value reported earlier for the
decompositiot316 These properties are diagnostic of the indirect "€action at atmospheric pressure, i.e590%16

pathway. The maximum yields of the oxidized metal complexes

at atmospheric pressure are slightly less than 80% (Figut®e 2), Discussion

which correspond well to recent measurements of maximal
yields for other “indirect” reaction¥3°At pH 7.2, the observed

first-order rate constant decreased with pressure over the rangdVere initiall :
0.1-140 MPa (Figure 2), corresponding A0/ = 10+ 1 cn however, involvement of the OHadical was subsequently

mol-1 for Mo(CN)s*~ and AV¥ = 11 £ 1 cr® mol! for questioned on thermodynamic grounds, which led to the
Fe(CN)*~. Over the same pressure range, the yield of oxidized development of alternative reaction models, which were based
metal complexes also decreased proportionately from 61 to 30%upon differing reactivities of the cis and trans isomeric fot#s.
for Mo(CN)g3~ and from 78 to 47% for Fe(CNy~ (Figure 2). Although these reaction models have been enthusiastically
The pressure dependence of Fe(€@N)oxidation was also received in some circles, recent studies have clearly demon-
studied at pH 4.5, up to 125 MPa, with very similar results, strated the radical nature of reactions involving both ONOOH
i.e., AVF =12+ 1 cr® mol~2, with the yield decreasing as the and ONOOCGQG . Specifically, Merenyi and Lintt and wé?
pressure increased from 68 to 43% (Figure S1). have shown that the highly complex nature of ONOOH
The oxidation of Fe(CNJ~ was also studied at pH 7.2 in  decomposition in neutral solutions can be quantitatively simu-
phosphate-buffered solutions containing 6 mM bicarbonate ion. lated by a radical model, the unique feature of which is that
Under the prevailing conditions, the G@oncentration (0.34  rate constants for all elementary steps/hdeen independently
mM) exceeded that of peroxynitrite by10%, so the reaction  determinedThis demonstration resolves the debate over whether
proceeded almost entirely via rate-limiting formation of QH: formation is thermodynamically feasib#e4344moreover,
ONOOCQ™ 8 In this case, the apparent first-order rate constant jt establishes that the radical reactioiil take place under the
increased dramatically with increasing pressure up to 82 MPa, prevailing experimental conditions. The radical mechanism has
for which AV* = —22 + 4 cn? mol™* (Figure 3). However,  pheen criticized on the basis that the ONOOH decomposition
the Fe(CNy*" yields decreased from70 to ~50% over the (516 constant failed to decrease upon increasing the medium
same pressure range (Figure S2). viscositys an effect often observed because increasing the

Oxidation of Ni(cyclam)?*. A previously ;ﬁgorted study  \iscosity retards primarily escape of the radicals from their
re_v_ealed thaF the rate O.f oxidation of N'(qu . )3)_/ PEroxy- solvent cage (th&p step in Scheme 2). In this particular case,
nitrite was first order in both reagents, indicating a direct

bimolecular reactiof® From the temperature dependence of the
rate constant, determined over the range5°C, we calculated

Radical Nature of the Reactions.Reactions of ONOOH

(40) Mahoney, L. RJ. Am. Chem. S0d97Q 92, 5262-5263.
(41) Merenyi, G.; Lind, JChem. Res. Toxicol998 11, 243-246.
(42) Coddington, J. W.; Lymar, S. V.; Hurst, J. K.Am. Chem. Sod999

(37) Merenyi, G.; Lind, J.; Goldstein, S.; Czapski, Ghem. Res. Toxicol. 121, 2438-2443.

1998 11, 712-713. (43) Merenyi, G.; Lind, JChem. Res. Toxicol997, 10, 1216-1220.
(38) Gerasimov, O. V.; Lymar, S. \Inorg. Chem 1999 38, 4317-4321. (44) Koppenol, W. H.; Kissner, RChem. Res. Toxicol998 11, 87—90.
(39) Hodges, G. R.; Ingold, K. Ul. Am. Chem. S0d999 121, 10695~ (45) Pryor, W. A;; Jin, X.; Squadrito, G. LJ. Am. Chem. S0d 996 118

10701. 3125-3128.
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however, one can shdfvfrom measuredp/ky and k_c/kn*’ Table 1. Experimentally Determined Volumes of Activation
rate-constant ratios that the decomposition rate should be AV e A(AVF)be
insensitive to the medium viscosif§; hence, the observed reactant pA  (cmPmol™)®  (cm®mol™?)
insensitivity to viscosity is consistent with a radical mechanism ~5yo0n 45 6

(for ONOOH). Using EPR spectroscopy, Augusto and co- oNOOH 45 +14d

workers have measured the formation of thegCQadical in ONOOH+ Fe(CN)*~ 45 +12 +13
near-quantitative yield from ONOOGQO*5° based upon ONOOH+ Fe(CN)*~ 7.2 +10 +14
limiting oxidation yields for its “indirect” reaction&’ Earlier ONOOH+ Mo(CN)s* . 7.2 +11 +16
research in od? and Goldstein and CzapsKi'daboratories has 8“882&'\%0@'&%?;, ;g __2; +ng

established that the reactive form of the adduct has chemical

properties and reactivity characteristics consistent with those ~*In 0.15M phSSPhate_i other conditionso focr individual reactions as
of the CQ:~ + NO' radicals, and Golds:‘t_ein_ and”Czapski have Zs\t/f’? (gcr:nfgxéj?Eégor:tgmgz g.r(e)?ll\(/lk aldsdg)d ’igﬂned asAVip —
also shown that product yields from “indirect” one-electron

oxidations by ONOOCE decreased markedly with increasing
medium viscosity; this is consistent (in this case) with a radical
mechanisn¥2 Finally, Lehnig has observed chemically induced
dynamic nuclear polarization (CIDNP) in th&N NMR
spectrum of N@ during decomposition of ®NOOH and
OBNOOCG, which can be interpreted as indicating for-
mation of ®NOs;~ within the radical pairs{NO,*,OH} and
{NO>,COs*}.5% Thus, it seems appropriate to discuss the
pressure dependencies of the reactions of ONOOH and
ONOOCG ™ within the context of the radical pair mechanisms,
i.e., Scheme 2. (Note that the rate-limiting step for the
ONOOCQ™ reactions is adduct formation, whereas protonation
is a pre-equilibrium step preceding rate-limiting peroxe @
bond homolysis in the reactions of ONOOH.)

Interpretation of the Pressure Dependencies of Product
Yields. According to Scheme 2, the product yields that are
attained when all of the radicals escaping the cage are scavenge
by reductants are dictated by the partitioning of the caged radical
pZ\ir between cage escap@)(yand rpearranger%ent to Ng(km)- the constant for the+ C&ydratign—dehydration equili_brium,
The pressure dependence of the rate-constant ratios can h&O2 + H0 = H + HCO? - Under the exper|+mental
expressed adln(ko/ku)/P = (AViy — AVER)/RT (=—A(AVF)/ C(_)ndm(_)ns (_pH 7.2), this equation r_edu_ceslq;gg_% ko[H )/ Kp.

RT, where A(AVA) is the difference in volumes of activation ~SiNce in this case, the secJ:rond acid 2d_|s_somat|on consant (
for cage escape and rearrangement within the cage). From thd®f Phosphate, bPQs~ == H™ + HPQ™, is equal to [I:r], It
pressure dependence of the maximal product yieg given foIIowos thatkops ~ koKa'/Kp, andAVFops~ AVF(Ky) + AV°(Ka)

by the expressiolm = ko/(ku -+ ko), one can calculatéin(ko/ — AV (Kb)._The volumes of reacUonofor'proton dissociation
kn)/9P, henceA(AVF). Results obtained for radical scavenging from H2F1(1)4 and CQ hy(illroly5|s AV (Kq) = —24 and—27

of ONOOH decomposition products by Fe(GA) and cm® mol ,(gspectlvelyﬁ. Thus, the effectg of pressure upon
Mo(CN)g*~, and for ONOOC@" decomposition products by the two equmbrlia1 are mutually compensating and, fr,ﬁivii*iﬂLljs
Fe(CN)*", are listed in Table 1. For ONOOH decomposition, __22 cm’*_mol , one ca_lculate&‘sv_*(kz) = ._25 cn mol Lo
A(AV#) is independent of the identity of the scavenging ion This value is consistent with a reaction that involves association

and the reaction pH; this case is expected for the mechanism®f @ neutral molecule with an ion for which there is no
given in Scheme 2. In all cases, the values are large positiveSlgnlflcant change in charge density, hence, only minor con-

numbers, which indicates that greater volume expansion occurstiributions from solvent electrostriction. It therefore supports

proposals that C@catalyzed reactions of ONOOinvolve
(46) Under the usual reaction conditions (see text),"M@, and*COs" intermediary formation of a discrete ONOOgCadductt>°

free radicals are effectively scavenged, so that~ 0. Application The rate law for reaction of Ni(cyclarf) with peroxynitrite

of the steady-state approximation to the caged radical pair (Scheme . dINi | H/dt = k' TONOOHTINI I +1:16 th

2) then givesk, = ke(ko + kn)/(k-c + ko + ku), whereky is the IS d[Ni(cyclamj*)/dt = ko[ INi(cyclamy];*¢ the
pH-independent first-order rate constant for ONOOH decomposition. combination of a smalhH* with a large negativAS* suggests

In water,kn/ko = 1.5 (determined from product yields for the “indirect”  that reaction occurs by an inner-sphere mechanism involving

reactions) andk/k-c = 1,47 so thatkops = 0.6 kc. Assuming thakp g . .
exhibits Debye-Stokes-Einstein behavior and the other microscopic ONOOH coordination prior to electron transférFollowing

rate constants are insensitive to viscosity, increasing the viscosity by algebraic arguments analogous to those described above, for
20-fold Wrc]JuIdbincreagaN/kD to ~30 for (\j/vhich kobsbz I0.5 kcﬁ i.e.z,00 reaction of ONOOH with Ni(cyclan®} at pH 7.2 we obtain
causing the observed rate constant to decrease by less than 20%. ; ; ~ k'Kt ~ '

(47) Merenyi, G.; Lind, J.; Goldstein, S.; Czapski, &.Phys. Chem. A theo rel?'tlonShlpog(Obs k.2 Ka/}%‘# and_AV*obs 8 A\Fsl(f) +
1999 103 5685-5691. AV (Ka) - AV (Ka) USIrlg A obs = -7 c mol and

(48) Additional factors which can reduce the magnitude of experimentally AV°(Kg) = —7 cr® mol=1,27 one obtainsAV#(ky') ~ +10 cn®

determined viscosity effects in this system (microheterogeneity, mol-1, This large positive value may reflect loss of coordinated
reactions of secondary radicals) are discussed in ref 52.

(49) Bonini, M. G.; Radi, R.; Ferrer-Sueta, G.; Ferreira, A. M. D. C,;

during cage escape than during internal rearrangement. This
result suggests that solvent restructuring constitutes a substantive
energetic barrier to separation of the radical pair; although
reasonable, this conclusion is not in accord with the frequently
invoked assumption that, since the viscosity of water is nearly
constant over this pressure ranggwill be pressure indepen-
dent. This behavior markedly contrasts that of the direct
bimolecular reaction between ONOOH and Ni(cyclamYhe
product yield for which is near stoichiometric and pressure
independent, i.e A(AV¥) = O (Table 1).

Interpretation of the Pressure Dependencies of Reaction
Rate Constants. (i) Bimolecular ReactionsThe experimentally
measured bimolecular rate constakyj,d for the formation of
ONOOCQ™ is given by kops = ko/{(1 + [HTVK(1 +
Ku/[HT])},8 wherek; is the intrinsic rate constant for reaction
getween ONOO and CQ, Ky = 2 x 107 M is the acid

issociation constant for ONOOH, ah = 1 x 108 M is

Augusto, O.J. Biol Chem.1999 274, 10802-10806. (54) Isaacs, N. SLiquid-Phase High-Pressure Chemistiyiley: New
(50) See also: Meli, R.; Nauser, T.; Koppenol, W. Helv. Chim. Acta York, 1981.

1999 82, 722-725. (55) Houk, K. N.; Condroski, K. B.; Pryor, W. Al. Am. Chem. So&996
(51) Goldstein, S.; Czapski, @. Am. Chem. Sod998 120, 3458-3463. 118 13002-13006.
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water from the axial ligand positions of the complex ion
accompanying ONOOH binding; typically, release of a single
coordinated HO is assumed to contribute13 cn? mol~! to
the overallAVF(ky').57

(ii) Unimolecular Reactions The one-electron reductants,
Fe(CN)}*~, Mo(CN)*~, and NQ™, are efficient scavengers of
the OH radical®®5° The mechanism given in Scheme 2 was
kinetically modeled using reported rate consteffts reactions
of OH* and NQ. These calculations indicated that, even in the
absence of other scavengers, N@t levels above LM will
compete effectively with N@ for OH*. Thus,k_p is negligible

Coddington et al.

presence of these scavengers are therefore expected to cor-
respond to the steps leading to-O bond homolysis, i.e., at
PH 7.2, kobs ~ koKa/Ka and AVFops ~ AVH, + AVP(KS) —
AV°(Ky). Using AV¥qps = 410 cn? mol~! (Table 1) and the
previously indicated\V° values, one obtain&AV#, ~ +27 cn?
mol~%, independent of whether Fe(C§&) or Mo(CN)*~ is the
radical scavenger. This value is substantially larger than both
the AV¥, determined at pH 4.5 in this study and the pH-
independent values determined by Goldstein and co-workers
in low phosphate environmeméThese data therefore support
earlier conclusiort§2” that phosphate ions somehow modulate

and the steady-state solution to Scheme 2 can be cast in thehe reaction and suggest in particular that the interacting ion is

form ko = ko(1 + ko/kn)/(L + k_cfky + ko/ky), whereks is the

pH-independent first-order rate constant for ONOOH decom-

position. At pH 4.5k, = kops and thereforeAV¥, = AV¥ s
Assuming that the pressure dependencies of koghand ky
are small, the equalify k_c ~ ky will hold at all pressures,
andAVF, ~ AVFc + RTaIN[(1 + ko/kn)/(2 + kp/ky)]/9P. Based

upon the measured pressure dependence of product yields fok,. cayeral

the “indirect” reactions, the latter term is approximatel{.5
cm® mol~1. The average of values obtained foW\*ops for
reactions at pH 4.5 (Table 1) #s11 cn® mol~1, which is nearly

identical to the values in low phosphate environments reported

by Goldstein et a¥’ Thus, the HPO,~ ion does not appear to
influence the reaction pathway. One also notes fidt,ys is
independent of whether NO or Fe(CN)* is the radical
scavenger, as expected. From the expressionAidt, one
obtainsAV*c ~ +12 cn® mol~1. This value is somewhat larger
than the estimated values &% for single bond G-O cleavage
in nonpolar environments, which are typicaly3—5 cm®
mol~1,80 but it is certainly consistent with rate-limiting formation
of two neutral fragments via bond cleavage.

In weakly alkaline solutions, a competing pathway for
ONOOH decomposition that gives rise to formation of NO
and Q becomes important. This pathway, which is thought to
be initiated by reaction of OHvith ONOO™,144?is completely
suppressed upon addition of the Fe(gN)ion and other
efficient radical scavengefd Measured values afV¥gsin the

(57) See, e.g.: Metelski, P. D.; Swaddle, T. Worg. Chem 1999 38,
301-307. Jolley, W. H.; Stranks, D. R.; Swaddle, T. Worg Chem
199Q 29, 1948-1951, and references therein.

(58) Logager, T.; Sehested, K. Phys. Chem1993 97, 6664-6669.

(59) Buxton, J. V.; Greenstock, C. L.; Helman, W. P.; Ross, Al.B2hys.
Chem. Ref. Datd988 17, 513-886.

(60) Neuman, R. C., Jr.; Bussey, RJJAm. Chem. Sod97Q 92, 2440~
2445,

HPQO,2~. lon-specific effects involving the N©O ion may also

be important, since the difference in values obtained in media
containing 0.05 and 5.0 MM NQ, i.e.,+6 and+14 cn?® mol™1,
respectively (Table 1, Figure 1), appear to be outside the range
of experimental uncertainty.

Concluding Remarks.The pressure dependencies measured
“indirect” reactions of ONOOH are consistent with
a mechanism in which peroxo-6D bond homolysis is the initial
reaction step. These reactions are clearly distinguishable from
CO,-catalyzed oxidations by ONOQwhose pressure depend-
encies support conclusions based upon the ratéthatreaction

is initiated by associative interaction of the oxidant and catalyst.
Although most of the data can be accommodated by the scheme
given in Figure 2, the observations that the product yields of
the “indirect” reactions are pressure dependent, and that\fhe
values for several reactions are sensitive to the ionic composition
of the medium, are difficult to rationalize within the context of
this simple dynamical model and may indicate the existence of
additional intermediates, e.g., solvent-separated radical pairs.
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